Phototransduction, the mechanism underlying the electrical response to light in photoreceptor cells, has been thoroughly investigated in Drosophila melanogaster, an essential model in signal transduction research. These cells present a highly specialized photosensitive membrane consisting of thousands of microvilli forming a prominent structure termed a rhabdomere. These microvilli encompass the phototransduction proteins, most of which are transmembrane and exclusively rhabdomeric. Rhabdomere membrane lipids play a crucial role in the activation of the transient receptor potential ionic channels (TRP and TRPL) responsible for initiating the photoresponse. Despite its importance, rhabdomere lipid composition has not been established. We developed a novel preparation enriched in rhabdomere membranes to perform a thorough characterization of the lipidomics of Drosophila rhabdomeres. Isolated eyes (500) were homogenized and subjected to a diff erential centrifugation protocol that generates a fraction enriched in rhabdomere membrane. Lipids extracted from this preparation were identifi ed and quantifi ed by gas chromatography coupled to mass spectrometry. We found an abundance of low sterol esters (C16:0, C18:0), highly abundant and diverse triglycerides, free fatty acids, a moderate variety of mono and diacyglycerols (C:16:0, 18:0, C18:1) and abundant phospholipids (principally C18:2). This preparation opens a new avenue for investigating essential aspects of phototransduction.
INTRODUCTION
The concept of lipid functions has long surpassed the roles of static energy reserves or passive membrane components, as their participation in multiple signaling pathways and central roles in the organization and modulation of membrane protein functions is widely recognized. Aided by their structural diversity in chain length, saturation level and polar head, lipids participate in the establishment of membrane domains such as lipid rafts, segregating proteins according to the thermodynamic interactions of intra-membrane protein segments with their surrounding lipids (Brown and London, 1998; Munro, 1995) . The local lipid environment in which membrane proteins are embedded can often be determinant in their specifi c function (Boesze-Battaglia and Schimmel, 1997) .
A remarkable case of the participation of membrane lipids in signaling cascades is that of light transduction in Drosophila melanogaster photoreceptors, one of the fastest signal transduction mechanisms known. This process takes place in a specialized, prominent and segregated membrane structure of each photoreceptor cell termed rhabdomeres, which consists of a tight arrangement of ~50,000 microvilli (Wang and Montell, 2007) . These organelles are free of internal membranes and possess an inner arrangement of β-actin filaments. The main proteins that participate in phototransduction, most of which are transmembrane, are confi ned to the rhabdomere. It should be remarked that the characterization of Drosophila phototransduction cascade led, among other fi ndings, to the discovery and cloning of the founding member of the vast superfamily of the TRP cation channels (Montell and Rubin, 1989; Hardie and Minke, 1992) . Many TRP channels have key roles in signal transduction in a variety of primary sensory receptor cells (Clapham, 2003) . In fl y phototransduction, photoisomerized rhodopsin couples to a GTP-binding protein, which activates phospholipase-C β (PLC). This key enzyme (Estacion et al. 2001) catalyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) into 1,4,5-inositol trisphosphate (InsP 3 ) and diacylglycerol (DAG) (Hardie and Postma, 2008) . The mechanism that links these events to the activation of transient receptor potential (TRP) channels remains to be determined, particularly because the participation of InsP 3 has been ruled out (Lev et al. 2012; Raghu et al. 2012) . Therefore the possible roles of PIP 2 , DAG or polyunsaturated fatty acids, presumably derived from DAG hydrolysis by a putative DAG-lipase (Leung et al., 2008) , in the opening the TRP channels is currently a matter of intensive debate. However, in spite of the fundamental relevance that the lipid composition of the photosensitive membrane has for Drosophila phototransduction, the lipid environment where this cascade is carried out has not been determined.
Lipid metabolism in Drosophila is markedly diff erent from that of vertebrates (see Hammad et al. 2011 , Tortoriello et al., 2013 . The establishment of the rhabdomere lipid composition is key for advancing in the characterization of the putative lipid metabolites that participate in TRP activation in response to light. It is remarkable that a Drosophila rhabdomere membrane preparation suitable for biochemical studies such as lipidomics is not available. To date lipidomic characterizations Fatty acid composition of Drosophila photoreceptor light-sensitive microvilli of Drosophila fatty acids have been performed on entire fl ies or heads (Carvalho et al. 2012; Hammad et al. 2011; Shen et al. 2010) , while studies on Drosophila retinas have focused on the levels of general lipid components and have not determined the presence or abundance of specifi c fatty acids (Fujita et al. 1987; Garcia-Murillas et al. 2006; Raghu et al. 2009 ).
Starting from isolated eyes, we used differential centrifugation to fractionate Drosophila retinas in order to obtain a sample enriched in rhabdomere membranes, as evaluated by the presence of specifi c protein markers. Folch total lipid extracts from this sample were fractionated into major lipid classes according to their diff erential retention in aminopropyl columns (Agren et al. 1992) . Fatty acid profi les of each lipid class were analyzed using gas chromatographymass spectrometry (GC-MS). This novel membrane preparation allowed us to achieve the fi rst characterization of the fatty acid composition of the rhabdomere membrane lipids of Drosophila. This preparation will contribute signifi cantly to the study of Drosophila phototransduction.
METHODS

Preparation of a membrane fraction enriched in rhabdomeres
All membrane preparations derived from a white-eyed Oregon-R strain. Colony founding fl ies were kindly provided by Dr. Craig Montell (Johns Hopkins University, USA). Animals were fed with standard Drosophila food composed of yeast (10 g Lewis, 1960 ) and kept at 18 ºC in glass vials under 12 hour light-dark cycles. Animal management, bio-safety and experimental procedures were in accordance with the bioethics and animal welfare committee of the Faculty of Science of the University of Chile. For each preparation 500 eyes were dissected from adult fl ies previously anesthetized with CO 2 , collected into pre-chilled 1.5 mL tubes containing cold divalent cation-free Drosophila Ringer and stored at -80 ºC until processed. Frozen eyes were mechanically disrupted in a Mini-bead beater (model 3110BXEUR, Biospec products, Bartlesville, OK, USA; 0.1 mm glass beads) by agitation at maximum speed 10 sequential times of 1 min periods separated by 40 s cooling of the homogenization vial in ice, to prevent damage to the sample. This operation completely disrupted the tissues, as confi rmed by microscopic evaluation of sample smears (40x, Nikon TMS inverted microscope. Nikon, Japan).
Diff erential Centrifugation
The homogenate (H) was spun in a tabletop centrifuge at 10xg for 10 min at 4 °C to precipitate the debris. The supernatant S1 was centrifuged at 2,370xg for 5 min at 4 °C; the resulting pellet P2 was saved and the supernatant S2 was centrifuged at 18,620xg for 15 min at 4 °C, yielding the supernatant S3 and the pellet P3. Each sample was snap-frozen in liquid nitrogen and stored at -80 °C until use.
Immunoblot analysis
Samples were resuspended in cation-free Drosophila Ringer containing anti-proteases (complete-EDTA free antiprotease cocktail, Roche, NY, USA) and protein concentration was determined colorimetrically (Hartree, 1972) . Samples of 20 μg total protein were subjected to PAGE in 7% and 10%; polyacrylamide gels were run at 100 V for 1.5 hours. Proteins were transferred to nitrocellulose membranes at 4 °C in 40 mM TRIS/glycine (pH 8.8) + 10% methanol and 20% methanol (v/v), respectively, for 1.5 hour at 300 mA. Nitrocellulose membranes were blocked with 5% non-fat dry milk in TRIS-buffered saline supplemented with 0.05% Tween-20 (TBS-T) for 2 hours at room temperature and incubated with primary antibodies overnight at 4 °C. Antibodies were the following: anti-TRP 1:200 (rhabdomere membrane marker; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA, USA), anti-lamin Dmo 1:200 (nucleus marker; Developmental Studies Hybridoma Bank, University of Iowa,); anti-β-actin 1:1,000 (rhabdomere membrane marker, Sigma-Aldrich, St. Louis, MO, USA) and anti-SOD2 1:200 (mitochondrial marker; Abcam, Cambridge, UK). Membranes were washed fi ve times in TBS-T for 5 min and then incubated for 2 hours at room temperature with secondary antibodies conjugated with horseradish peroxidase: goat anti-mouse IgG-HRP 1:10,000 and goat anti-rabbit IgG-HRP 1:5,000 (Thermo Scientifi c, Waltham, MA, USA), in blocking solution. Finally, blots were washed 5 times in TBS-T for 5 min and signals were detected using the enhanced ECL kit (Pierce, Thermo Scientifi c, Waltham, MA, USA) according to manufacturer's instructions.
Rhabdomere lipid extraction, separation and fatty acid methyl esters (FAME) analysis
Internal standards FFA-C19:0 or, phospho-C17 and TAG-C15 (5 μg each) were added to P2 fractions prior to Folch total lipid extraction using 2:1 chloroform to methanol (Folch et al. 1957) . Diff erent lipid species were separated by aminopropyl columns (Agren et al. 1992) and fatty acid methyl esters were obtained by overnight incubation at 50 ºC with 1 N HCl in anhydrous methanol. 2 mL sodium bicarbonate solution (6% w/v in H 2 O) were added and FAME were extracted with 2 mL hexane. The remaining water phase was washed with 2 mL hexane, and both hexane extracts were dried under a nitrogen stream. Fatty acid methyl esters were re-dissolved in hexane (500 μL) and 5 μL samples were injected into a gas chromatograph (Hewlett Packard HP 5890 series II; Palo Alto, CA, USA) coupled to a mass spectrometer (Hewlett Packard 5972). The gas chromatograph was equipped with an HP-INNOWax, 25 m x 0.2 mm x 0.2 μm capillary column (Agilent Tech, Santa Clara, CA, USA). The oven temperature was programmed for a temperature ramp of 1 min at 150 °C, then 15 °C/min to 200 °C and 12 °C/min to 260 °C. The injector and mass spectrometer detector temperatures were 220 °C and 275 °C, respectively. Helium was used as carrier gas at a flow rate of 1 mL/ min; sample injection was done in splitless mode. Fatty acid composition is expressed as a percentage of total fatty acids.
Relative fatty acid (FA) composition was quantifi ed by comparison to internal standard peaks and normalized to sample mass.
RESULTS
Drosophila ommatidia fractionation yields a fraction enriched in rhabdomere membrane
In order to obtain a suspension of Drosophila rhabdomere membranes, we adopted a homogenization protocol using a Mini-bead beater, which unlike Dounce tissue-grinders or N2-snap freeze and crushing with a porcelain mortar, yielded adequate tissue disruption and sample recovery. Disrupted tissue was allowed to settle before retrieving the homogenate preparation (H), which was fractionated under different centrifugation protocols. The distribution of specifi c marker proteins helped to determine rhabdomere presence and enrichment in each fraction. Figure 1 (track H) corresponds to tissue debris and nuclear membranes, the latter revealed by the enrichment of the nuclear protein lamin in the precipitate after a slow centrifugation step (10xg, 10 min). The resulting pellet (P1) presents a significant amount of rhabdomere membranes, as ascertained by the presence of TRP. The next centrifugation step (2,370xg, 5 min) generated a pellet (P2) that was further enriched in TRP and separated from the majority of SOD-2 rich mitochondrial-marker, which precipitated after an additional centrifugation (not shown). P2 was also the fraction most enriched in β-Actin, consistent with the characteristic abundance of actin fi laments in microvilli (Arikawa et al. 1990) .
Although there is some contamination of P2 by nuclear membranes, as shown by the presence of lamin Dmo (compare lanes P1 versus P2 in fi gure 1B), it should be noted that the signal for lamin Dmo is signifi cantly decreased in P2 compared to H or P1. Therefore, although nuclear membrane lipids are present, they are far less represented in the rhabdomere membraneenriched sample. The diff erence in membrane (and therefore lipid) abundance between rhabdomeres and nuclei is staggering. Considering a nucleus radius of 0.5 μm, (x2 taking into account its inner and outer membranes) and that each ommatidium is made up of 20 cells (8 photoreceptors and 12 pigment cells), the nuclear membrane surface for the retina composed of 800 ommatidia would be≈ 6 x10 4 μm 2 , compared to a total rhabdomere membrane (50,000 microvilli per rhabdomere, each 1.5 μm long and 0.05 μm in diameter), of ≈ 3.3x10 6 μm 2 per eye, we estimate that nucleus membranes represent at most 1% of the rhabdomere membranes (size considerations as reported in Wang and Montell, 2007) . Our estimate assumes that other parts of the visual system were not attached to the eyes, as suggested by visual inspection of the extracted organs. If some of this material was present, it was minimally represented.
Characterization of Drosophila rhabdomere membrane lipids
The lipid species from the P2 fraction were separated by diff erential elution from aminopropyl columns, trans-esterifi ed to obtain FAME, separated and identifi ed by GC-MS (see Methods). Representative chromatographs of each fraction are shown in Figure 2 , where chromatogram order (A-E) refl ects increasing polarity of the solvents used to elute from aminopropyl columns. Sterol esters fractions contained only C16:0 and C18:0 fatty acids, which were consistently found in all samples (n=5), albeit in low abundance (Figure 2 and Tables 1 & 2) compared to other lipid fractions. Triglycerides presented diverse acyl-chain lengths and high abundance, particularly monounsaturated fatty acids C16:1 and C18:1, but with a signifi cant contribution of C16:0 saturated fatty acids (Table 1) .
Fatty acid composition of mono and diacylglycerol lipids (MDAGs) was represented by only three fatty acid species: C16:0, C18:0 and C18.1 (Tables 1 and 2 ), while freefatty acids (FFAs) were the most diverse lipid class in this sample, presenting multiple saturated (C14:0; C16:0; C18:0), monounsaturated (C16:1; C18:1) and polyunsaturated (C18:2 and C18:3) fatty acids. All FFA were detected at intermediate or abundant levels compared to other fractions. Phospholipids in the rhabdomere contained signifi cant amounts of C16:0 and C18:0 saturated fatty acids and C18 derived monounsaturated and polyunsaturated fatty acids C18:1 and C18:2. Remarkably, C18:3 was present almost exclusively in the PL fraction.
DISCUSSION
Over the last few years there has been an explosive progress in subcellular fractionation methods in parallel with an increase in sensitivity of high-throughput analysis techniques. The interdependence of these fields is well documented in proteomic characterizations of cellular and subcellular fractions. These technological improvements have allowed a dramatic refi nement in the resolution of the measurements of molecular components in spatially confi ned cellular regions, previously obscured by contamination from adjacent cellular compartments with which they were inevitably associated in the biological samples. Thus although there are good characterizations of the general lipid and fatty acid composition of Drosophila tissues (Carvalho et al. 2012; Hammad et al. 2011; Shen et al. 2010) , there is an evident lack of information regarding the fatty acids that make up the specific lipid species present in Drosophila photoreceptor rhabdomere membranes; this represents a serious handicap for the understanding of the mechanism underlying light transduction (recently reviewed in Raghu et al. 2012) . Although the phospholipid composition of these membranes has been characterized and the balance between phosphatidic acid and phosphatidylinositol species linked to both rhabdomere biogenesis (Raghu et al., 2006) and degeneration (García-Murillas et al., 2006) , there are no data on the fatty acid composition of these tissues, which is crucial in the understanding of the mechanisms of activation of TRP channels and phototransduction accessory proteins embedded in this lipid-rich environment (see Raghu et al. (2012) and references therein). It is remarkable that almost no biochemistry has been performed in the study of Drosophila phototransduction, mainly due to the lack of a suitable rhabdomere preparation. The bulk of the current information about this complex molecular mechanism derives from electrophysiological, genetic and immunochemical experiments. After achieving the characterization of the rhabdomere lipidomic as the fi rst product of the rhabdomere preparation described here, interest will obviously turn to establishing which of the lipids that have been linked to the opening of TRP (PIP 2 , DAG, PUFA) undergo light-induced changes in the rhabdomere. Such information, which is beyond the scope of the present work, would be an essential supplement to the available physiological data towards a full understanding of Drosophila phototransduction; it can now be addressed with the rhabdomere membrane preparation that we have developed.
Vertebrate photoreceptor-disk membranes (rod outer segments) originate as plasma membrane evaginations, which become defi cient in cholesterol and saturated fatty acids as they mature (for review see: Albert and Boesze-Battaglia, (2005)); they are particularly enriched in VLCH-FAs and PUFAs, principally docosahexaenoic acid (DHA). These lipid species are considered to infl uence phototransduction events by allowing alteration of membrane topology upon rhodopsin photo-isomerization, while serving as quenchers of free radical-species formed by photon exposure (BoeszeBattaglia and Schimmel, 1997; Litman and Mitchell, 1996; McMahon and Kedzierski, 2010; Sanchez-Martin et al. 2013) . In contrast, Drosophila tissues lack medium and long chain PUFAs (Hammad et al. 2011; Shen et al. 2010) , and as the current study shows, its rhabdomeres do not contain fatty acids over 18 carbons and are slightly enriched in saturated FA (Table  2) ; these features would reduce membrane fl uidity through higher PL compaction. Still, PL composition of rhabdomere membranes shows the highest levels of polyunsaturated fatty acids (C18:2 and C18:3), suggesting that in the absence of very long chain highly unsaturated fatty acids such as DHA, Drosophila uses C18 unsaturated fatty acids to overcome partially membrane compaction.
Another salient feature of the Drosophila rhabdomere is its TAG-derived fatty acid content and composition (Table  2) , dramatically diff erent than vertebrates. Rhabdomere TAG contains signifi cant amounts of short chain saturated and unsaturated fatty acids (C14:0, C16:0 and C16:1), very low amounts of C18:0 and C18:2 and abundant C18:1. Vertebrate photoreceptor membranes do not contain TAG, which are abundant only in lipogenic cells such as adipocytes. Vertebrate TAG contains almost equivalent amounts of C16:0, C18:0 and C18:1. Drosophila rhabdomere TAG composition has a greater resemblance to plant seed TAGs, which also present low levels of saturated fatty acids and high levels of polyunsaturated fatty acids with diff erent chain lengths and unsaturations (Li-Beisson et al. 2013) . The biological signifi cance of TAG in rhabdomeres is a challenging question that exceeds the scope of this work. However, considering the short chains and degree of unsaturation of the fatty acids of rhabdomere TAGs, these molecules should behave as liquid vegetable oils rather than as solid vertebrate fats, thus contributing to membrane fl uidity rather than increasing its rigidity. I n t e r m s o f l i p i d s i g n a l i n g a s s o c i a t e d w i t h phototransduction, although TRP-mediated currents can be elicited by arachidonic (AA, C20:4) and other fatty acids in photoreceptors under whole cell recording conditions in heterologous expression systems (Chyb et al. 1999) and in excised rhabdomere membrane patches (Delgado and Bacigalupo, 2009), AA was undetectable in Drosophila heads and tissues (Hammad et al. 2011; Yoshioka et al. 1985) . Therefore it is unlikely that this lipid is an endogenous TRP activator, while the FA composition of PL (phospholipid) and TAG in the rhabdomere indicates that a putative TRP fatty acid activator should be an 18 carbon FA and highlights the importance of establishing light-dependent rhabdomere lipid dynamics in further studies. In vertebrate photoreceptors a cholesterol-rich environment in the disks reduces the effi ciency of the phototransduction cascade by hindering the activation of rhodopsin and aff ecting the cyclic nucleotide phosphodiesterase activity that hydrolyzes cyclic GMP (for a comprehensive review on the role of cholesterol in rod outer segment membranes, see Albert and Boesze-Battaglia, (2005) . et al. 2007) . Identifi cation of sterol components and their nature is an interesting challenge; however, the diffi culty in obtaining suffi cient starting material not contaminated with other tissues has precluded a full characterization of distribution of these lipids in the rhabdomere. Finally, while vertebrate retinas (and by extension, photoreceptors) present extremely low levels of neutral lipids (Bretillon et al. 2008; Fliesler and Anderson, 1983) , our analysis of Drosophila rhabdomere membranes shows that these lipids may be particularly abundant and, interestingly, display chemical features that would make them more fl uid than vertebrate neutral lipids.
By providing a characterization of the lipid composition of the membrane where the proteins involved in Drosophila phototransduction are embedded, this work fills a major gap that existed in the field, without which a thorough understanding of this physiological mechanism could not be attained.
